The adsorption behavior of CO on Ni islands grown on Au(111) was studied with a combination of temperature programmed desorption, Fourier transform infrared spectroscopy, and surface resistivity measurements. The Au(111) herringbone reconstruction provides a template for the growth of ordered Ni islands, with evidence for the presence of strain and Au atoms within the islands. The islands grow radially until θ Ni ≈ 0.3 ML, after which subsequent Ni atoms contribute primarily to a second layer. We study saturated CO adsorption at 227 K over a range of Ni island sizes and find layer-dependent adsorption properties. For single-layer islands at low Ni coverage, CO adsorbs primarily in the atop position and desorbs at lower temperatures than on pure Ni, with a saturation CO coverage of about 0.5 CO/Ni. As second layer Ni grows, saturated CO coverages on the Ni approach unity, with higher desorption temperatures, but still with primarily atop CO. Based on previous studies, we propose that in the first Ni layer, ligand effects from the Au substrate and possibly Au in the islands and strain due to the Ni/Au lattice mismatch affect the Ni− −CO bonds. CO adsorption behavior on the two-layer islands is qualitatively explained by a decrease in Au nearest neighbors and the presence of a more expanded/corrugated structure. Published by AIP Publishing. https://doi
I. INTRODUCTION
The surface chemistry of nanoparticles and bimetallic systems can differ greatly from that of close-packed, pure, extended surfaces. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] These systems display tunable properties and are of great interest not only from a fundamental science perspective but also from a practical viewpoint, with potential applications in fields such as medicine, telecommunications, and environmental remediation. 1 These unique chemical properties are often understood as being due to three different effects: ensemble, ligand, and strain. The ensemble effect is due to a particular geometric orientation of atoms, 15, 17 the ligand effect to heterometallic bonding that changes the electronic environment, 18, 19 and strain effects to lattice constant differences and variations in the coordination number. 17, 20 These effects are related to the width and position of the d-band relative to the Fermi level and can be cumulative yet difficult to separate. 18 In this paper, we study the effects of nanoparticle size, structure, and composition on the adsorption properties of CO to Ni islands grown on Au(111), using temperature programmed desorption (TPD), Fourier transform infrared spectroscopy (FTIR), and surface resistivity measurements.
The Ni island on Au(111) systems has been of interest in a variety of studies. 13, [21] [22] [23] [24] [25] [26] When cleaned and annealed, the Au(111) surface configures into the herringbone reconstruction, [27] [28] [29] shown schematically in Fig. 1(a) and described in more detail in Ref. 26 . Chambliss et al. used scanning tunneling microscopy (STM) to study the behavior of Ni deposited onto herringbone-reconstructed Au(111) and found that for low Ni coverages, Ni grew in an ordered array of single-layer nanometer-scale Ni islands. 27, 28 Second-layer growth begins a) Author to whom correspondence should be addressed: roger.tobin@tufts.edu before completion of the first layer, at a Ni coverage of approximately 0.3 ML. 25, 28 Figures 1(b)-1(e) show schematically how the islands grow at the elbows of the reconstruction with increasing Ni coverage. Subsequent STM studies have refined this picture. Hannemann et al. found that the islands possess considerable structure and proposed that it is due to the large lattice mismatch of ∼14% between Ni and Au. 22 Cullen and First also observed structure within the islands deposited at room temperature (RT) and suggested that the structure is due to intermixing of Ni and Au atoms, with intermixing increasing as deposition and annealing temperatures rise above 400 K. 30 Previously, we studied changes in surface resistivity ρ s , of the Au(111) substrate due to the growth of the Ni islands. 26 Adsorbate-induced surface resistivity is known to be a firstlayer effect [31] [32] [33] [34] and therefore can serve as an indirect probe of surface morphology. In our study of Ni islands, we found ρ s to increase linearly with the Ni coverage θ Ni , until a transition coverage, above which additional Ni atoms contributed very little to surface resistivity. 26 The transition point where ρ s plateaued corresponded closely with the transition point (approximately 0.3 ML) where second layer Ni begins forming, according to STM studies. We concluded that Ni atoms in the first layer contribute evenly to ρ s , while second layer Ni makes little to no contribution to ρ s . 26 In the present experiment, we also monitored surface resistivity during Ni deposition and during CO exposure as a probe of adsorption behavior. Previous studies of CO on pure Ni measured an increase in ρ s . 35, 36 Our measurements of ρ s due to Ni deposition were consistent with previous results. 26 No change in ρ s was observed due to CO adsorption.
An additional way to investigate surface morphology and surface chemistry is by adsorption of a probe molecule. CO adsorption has been broadly studied on extended surfaces. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] In studies of pure Au, CO has been shown to desorb at 190 K, below our experimental temperatures, and with an IR band around 2110 cm −1 , which is not observed in our work. [49] [50] [51] [52] [53] For this and other reasons detailed below, we do not expect CO bonding to the Au surface under our experimental conditions and assume that CO bonds only to the Ni islands. In the case of single crystal Ni, CO tends to bind in bridge and atop positions with IR peaks measuring between 1850−1924 cm −1 and 2016−2076 cm −1 , respectively, 37,38 with a maximum saturation coverage measured by Lauterbach et al. on Ni(100) of θ Ni(100) sat CO = 0.67 ± 0.03 ML. 37 For atop and bridge CO, the CO molecular axis is normal to the surface, with the carbon atom bonding to one or two metal atoms, respectively. 40, 56 We use a Ni(100) single crystal to compare and calibrate our TPD and FTIR data.
CO adsorption to other Ni− −Au systems has also been studied experimentally and theoretically. [10] [11] [12] [13] 19, 57, 58 At the temperatures relevant to our experiments, CO does not bind to Au 10, 11 and in some cases has been shown to desorb fully from Au at 100 K. 13 TPD and FTIR studies of CO adsorption to Ni− −Au alloy surfaces have found that the presence of Au decreases peak CO desorption temperatures from Ni by as much as 100 K 11 and leads to the preferential atop site occupation of CO on Ni. 10 The decrease in peak desorption temperature has been investigated theoretically by density functional theory (DFT) studies, which found that the Ni− −CO bond strength decreases as the number of Ni's Au nearest neighbors increases. 19, 57, 58 Huang et al.' s DFT study of CO adsorption on Ni/Au surface alloys showed that the weakening effect of Au on Ni− −CO bonds is largest for bridge-bonded CO, 19 which may contribute to the preferential occupation of atop sites.
We report experiments on the behavior of saturation CO adsorption as a function of Ni coverage on the Au surface. At Ni coverages where second layer Ni begins growing on top of the single-layer islands, significantly more CO adsorbs to the surface than expected, approaching a density of one CO per surface Ni atom at high Ni coverages. We measure CO only in the atop position with FTIR and, at low Ni coverages, find TPD peak temperatures ∼100 K lower than for CO on pure Ni, with asymmetrical broadening toward higher temperatures as Ni coverage increases. We interpret these observations in the context of ligand and strain effects seen in similar systems.
II. EXPERIMENTS
The substrates were commercial 150 nm thick × 1 cm × 1 cm epitaxial Au(111) films on mica. 59 Contact pads (50 nm Ag on top of 10 nm Cr) were deposited ex situ under high vacuum on the corners for electrical contacts and in the middle of one edge for thermocouple attachment. The sample was then attached to a custom sample mount described elsewhere. 60 Wires were connected to the contact pads using colloidal silver paint to enable resistivity and temperature measurements. 61 Details of the resistivity measurement can be found elsewhere. 26 The sample was transferred into an ultrahigh vacuum (UHV) chamber (base pressure, 7 × 10 −11 Torr), where the remainder of processing and measurement was completed. The sample was cleaned by Ar + sputtering (1 keV, ∼7 µA/cm 2 ) and then annealed at 573-600 K for 2 min. We found that higher annealing temperatures damaged the sensitive electrical contacts. The sputtering/annealing process was repeated until no contaminants were detectable with Auger electron spectroscopy (AES). By comparing the background noise to the C signal, the maximum contaminant coverage is estimated to be 0.01 ML.
The herringbone reconstruction, which is essential to the growth of Ni nano-islands, is well established to be the equilibrium state of the clean Au(111) surface. 30, 62 Following annealing, submonolayer Ni was deposited by thermal evaporation from 99.99% purity Ni wire wrapped around a well-outgassed tungsten filament. The sample temperature was regulated at 296.1 ± 0.1 K. Under these experimental conditions, an ordered array of Ni nanoislands is known to form over a considerable range of substrate temperatures, substrate preparation protocols, and deposition rates. 13, 21, 24, 25, 27, 28, 30 During deposition, the resistance of the Au film was continuously monitored. We are not able to directly determine the presence, size, or structure of the Ni nanoislands. Our previous work, however, showed that measurements of surface resistivity, coupled with reported STM measurements, provide strong indirect evidence that the ordered array of Ni islands was present. 26 A central discovery in that work is that second layer Ni atoms make little to no contribution to surface resistivity, and our data in this experiment are consistent with primarily second layer growth in that coverage range. 26 Following the formation of the Ni nanoislands, the sample was cooled to 227 ± 0.1 K. This temperature was selected based on Lauterbach et al.'s work that showed that Ni(100) is completely saturated by CO at this temperature. 37 Ni deposition was done at room temperature because island formation and Ni− −Au concentrations within the islands appear to have some temperature dependence. 13, 30 We assume that the islands did not change in composition or structure upon cooling. Background FTIR spectra were then collected (Mattson Cygnus 100, HgCdTe detector, unpolarized, 16 cm −1 resolution). The sample was then exposed to 5 L of CO (1 L = 1 × 10 −6 Torr s) by backfilling the chamber while simultaneously measuring surface resistivity. Sample FTIR scans were then acquired with the same settings as the background spectrum. Following FTIR, TPD curves were collected with the sample in front of the residual gas analyzer (RGA) with a heating rate of 3−4 K/s. FTIR data were analyzed by simultaneously fitting a quadratic background and Gaussian function to the data. Analysis of TPD data will be discussed later.
Our measure of Ni coverage is based on a normalized ratio of Ni and Au Auger signals,
where [Ni] is the 848 eV peak-peak height and [Au] is the 239 eV peak-peak height. The ratio of Auger cross sections for pure Au and pure Ni,
, is determined from the ratio [Au]/[Ni] measured in our system for pure Au and pure Ni taken under identical conditions.
In the simplest approximation that the Auger signal comes exclusively from the topmost atomic layer and that Ni forms a single layer on Au, the Ni coverage, θ Ni , is simply equal to the Auger ratio ξ. For low Ni coverages, this assumption is supported by STM observations that found ξ and θ Ni to agree. 25, 28 At higher coverages, it can be important to include the finite inelastic mean free path λ of the Auger electrons, which leads to contributions to the AES signal from buried layers. 26 In general, for higher Ni coverages, ξ tends to underestimate the total Ni coverage, but may overestimate the amount of exposed Ni on the surface, which is more relevant to adsorption. These effects would not affect our major conclusions.
While we do not directly image the surface to verify the island structure, there are strong reasons to assume that it is present. First, our previous resistivity study, along with reports of STM measurements, showed the formation of Ni islands to be a robust process that is largely independent of experimental details. 13, 21, 24, 25, 27, 28, 30 We also monitored surface resistivity during Ni deposition for most of the runs in this study and again found a rolloff in resistivity above the Ni coverage at which second layer island growth is expected. Finally, as we show below, the CO adsorption behavior also shows a striking change at the same threshold Ni coverage.
At each Ni coverage, the saturation quantity of CO adsorbed to the Ni/Au(111) surface was determined by the area under the TPD curves, calibrated by comparison to measurements on Ni(100). Based on the measurements of Lauterbach et al., we take the saturation coverage of CO on Ni(100) to be 0.67 at 227 K. 37 Our measurements of CO uptake curves (CO coverage as a function of exposure) at two temperatures were consistent with that work and also verified that exposures measured from ion gauge readings were consistent. The ratio of RGA signal to ion gauge reading during CO dosing, however, varied over time, possibly due to changes in electron multiplier sensitivity. To correct for these variations, the RGA signal for each TPD measurement was normalized using the ratio of RGA to ion gauge signals during the CO dose that immediately preceded it.
A typical, calibrated TPD signal for saturated CO on Ni islands on Au(111) is displayed in Fig. 2 . The behavior of the signal for T > 450 K was present in all experiments, including those with no Ni deposited on the Au surface, and is attributed to background desorption from other parts of the sample mount, but it was not reproducible enough for accurate subtraction. Instead, we found that the most consistent background subtraction scheme was to fit a line to points before and after the peak that best isolated the characteristic CO desorption peak. This process is illustrated in Fig. 2 by the discrete points before and after the peak and the dashed line going through them. A Gaussian was fit to the backgroundsubtracted data to determine peak area, width, and maximum temperature T max . The solid blue curve in Fig. 2 represents the Gaussian plus the linear background. This background subtraction scheme is the largest source of uncertainty in our TPD data. We estimated uncertainty by varying the choice of points for fitting the linear background, resulting in background curves of varying slopes that still represent reasonable background behavior.
For experimental comparison, we collected FTIR (unpolarized, 8 cm −1 resolution) and TPD data for CO on a 2-mm thick × 3 cm × 1 cm Ni(100) single crystal using procedures as close as possible to those used for the Au samples. We cleaned the sample with Ar + sputtering and then annealed to 950 K FIG. 2. Background subtraction scheme for raw TPD data of CO on Ni/Au(111). The black curve is the raw TPD data. The red points are chosen to find the dashed line background curve that agrees closest with expectations of the background behavior. The blue curve is the Gaussian fit plus the background curve. The behavior at T > 450 K is from the background and was observed even in experiments in which no Ni was deposited on the Au. for 10 min. Based on AES ratios, we estimate that roughly 0.04 ML of C remained on the Ni surface. We also found additional Auger diffraction peaks reported for clean Ni(100), 63 suggesting that a considerable fraction of the sample is clean Ni(100). We collected FTIR data at 200 K at CO saturation and found bridge CO at 1956 cm −1 and atop CO at 2072 cm −1 , both with widths of about 35 cm −1 . Because TPD curve areas are expected to scale with the sample area, our TPD analysis on the Ni(100) single crystal was done by covering the ends with Cu foil so that the exposed central area was comparable to the 1 × 1 cm Au(111) samples. Experiments were done above Cu− −CO desorption temperatures. 32 We measured uptake curves at 226 K and 298 K and found good agreement of our TPD and FTIR data with Lauterbach et al.'s data. 37 We found two TPD peaks at 298 K and 374 K, which are slightly different than that of Lauterbach et al. who found peaks at 280 K and 440 K. We attribute these differences to the small amount of C still present on our sample and the difference in heating rates. 64 To estimate the CO coverage on the Ni/Au(111) sample, we compare our TPD areas to our saturated Ni(100) single crystal TPD area. We use the symbol ϑ Ni/Au CO to represent our approximation for the coverage of CO relative to the full exposed surface area of the sample, including both Au-and Ni-covered regions. It is defined as follows:
where TPD sat [x] is the TPD area under the curve of CO saturation on surface x. Figure 3 shows background-subtracted TPD scans for saturation coverages of CO adsorbed to the Ni islands on Au(111) for different Ni coverages. A small amount of CO was detected in experiments in which there was little or no Ni on the surface, ξ < 0.01 and ξ = 0.1. These TPD peaks are short and broad, consistent with desorption from other parts of the sample mount that are heated at varying rates, resulting in very broad TPD signals. As the Ni coverage increases and the island size grows, the saturation coverage increases since there are more surface Ni atoms available. The curves for higher Ni coverage ξ take on a more defined shape, with the TPD peak temperature, T max , nearly constant up to ξ ≈ 0.3, but shifting upwards for higher ξ as the desorption peak broadens toward the high-temperature side. Since the evolution of the TPD curves at high Ni coverages is characterized more by a gradual broadening toward the high-temperature side, rather than by the growth of a distinct high-temperature feature, we interpret this evolution as the gradual emergence of a broad distribution of higher binding-energy bonding configurations. We cannot rule out, however, the possibility that the broad peak conceals two or more distinct but unresolved features. Figure 4 shows the normalized integrated TPD area for saturation coverages of CO on Ni/Au(111), ϑ
III. RESULTS AND ANALYSIS
Ni/Au CO , as a function of Ni coverage as measured by the AES ratio, ξ. Each data point in Fig. 4 was collected after sputtering, annealing, a fresh deposition of Ni onto the Au sample, and dosing with CO to saturation (5 L). The peak area grows roughly linearly with ξ for low ξ, but then increases more rapidly for ξ > 0.3. By comparing slopes in the low and high ξ regions, we find that about 2-3 times as much CO adsorbs per increment in ξ in the higher coverage regime than at low Ni coverage.
The increasing slope seen in Fig. 4 is surprising considering the established growth model of this system. 24, 25, 27, 28, 30 At Ni coverages above about 0.3 ML, indicated by the dashed line at ξ T in Fig. 4 , additional Ni forms a second layer on top of the existing single-layer islands. Since each added second-layer Ni atom covers a first-layer atom, the number of exposed surface Ni atoms should stop increasing. Thus, if the saturation ratio of adsorbed CO to surface Ni remained fixed, we would expect the total amount of adsorbed CO to level off. This would manifest as a decrease in the slope in Fig. 4 in the region where second layer Ni is present, for ξ > ξ T , since at this point additional Ni atoms added to the system are not expected to create new CO adsorption sites, except perhaps for a few edge sites. We instead see not only a continued increase in the total amount of adsorbed CO but an increase in the slope in that region, suggesting that there is a substantially higher concentration of CO molecules per exposed Ni atom for second layer growth than during first layer growth.
We can rule out CO adsorption to the Au surface. First, our TPD and FTIR data are consistent with adsorption on Ni, with no additional peaks that would indicate Au− −CO bonding. We also measured no change in surface resistivity during CO exposure, which would be expected for direct adsorption of CO on Au. [31] [32] [33] [34] Studies of CO adsorption to pure Au and bimetallic Ni− −Au systems do not find CO adsorption to Au at 227 K. 11, 13, 49, [51] [52] [53] The remainder of our analysis therefore assumes that CO is adsorbing only to Ni atoms.
Our results, then, suggest that either the structure and growth of the Ni islands are more complicated than previously understood or CO adsorption on Ni nanoislands is substantially different from adsorption on crystals, with much higher local CO densities. To estimate the ratio of adsorbed CO to surface-exposed Ni, ϑ Ni CO , we divide the overall CO surface concentration by our measure of surface Ni coverage, ξ,
Figure 5 plots ϑ Ni CO vs ξ, and for low ξ, ϑ Ni CO is roughly constant with an average ratio of 0.45 ± 0.14 CO/Ni, roughly consistent with saturation coverages on Ni single crystal surfaces. As ξ increases past ξ T , where second layer Ni growth is expected to begin, ϑ Ni CO also increases and approaches an average ratio of 0.94 ± 0.13 CO/Ni, substantially higher than is typically found in single-crystal studies. The relatively large uncertainty in the absolute CO/Ni ratio is due largely to the relatively high uncertainty in the surface Ni coverage.
The CO adsorption enhancement seen in Figs. 4 and 5 grants a new perspective on the growth, composition, structure, and chemistry of these Ni nanoislands. The number of CO adsorption sites grows roughly linearly with Ni coverage for lower Ni coverage, but new CO adsorption sites seem to appear much more quickly than expected for higher Ni coverages, and the CO/Ni ratio is much higher than expected from single-crystal experiments. In Fig. 3, as increases beyond ξ T , the high-temperature side of the TPD curves broadens out considerably, causing an upward shift of the peak temperature T max . Figure 6 plots T max as a function of ξ and shows a monotonic increase beginning near ξ ≈ 0.3, the coverage at which second-layer Ni growth begins and ϑ Ni CO begins to increase. This shift toward a higher T max suggests the gradual emergence of a distribution of adsorption sites with higher binding energies.
Step and kink adsorption sites have a higher binding energy than normal sites, 17, 65, 66 and it is possible that the second Ni layer leads to a more complex morphology with varied binding environments. Figure 7 shows FTIR spectra for saturated CO on Ni islands, with their corresponding ξ values next to the curves, while the right axis in Fig. 6 shows the IR peak frequencies ν peak , plotted as a function of ξ. The peak frequency ν peak centers around 2050 cm −1 , consistent with atop CO on Ni. 37, 38, 48 It is surprising that on these islands we only measure CO in the atop position with FTIR, while the corresponding T max values from the TPD curves are 50-100 K lower than T max values for saturated atop CO on pure Ni from both the literature 11,37 and our measurements. Studies of adsorption on Ni− −Au alloys have found that the presence of Au affects the Ni− −CO bond by reducing peak desorption temperatures, leading to preferential atop site occupation. 10, 11 It is possible, therefore, that CO's lower desorption temperature and preference for atop sites on Ni nanoislands are due to the number of Ni's Au nearest neighbors from either the Au substrate or intermixed Au in the islands. The upward shift of peak desorption temperatures seen at higher Ni coverages could then be due to a decrease in the number of Au nearest neighbors during second layer growth.
The top part of Fig. 7 shows FTIR spectra for saturated CO adsorbed to single crystal Ni(100), and the bottom part shows saturated CO adsorbed to different size Ni islands on Au(111). For Ni(100), CO adsorbs in bridge and atop positions with similar intensities, while for the Ni islands, we only observe a peak due to atop CO. As the Ni islands increase in size, the integrated IR intensity remains nearly constant and comparable to the total (bridge + atop) intensity for a saturation coverage of CO on Ni(100). IR intensity is affected by many factors, including site-and coverage-dependent polarizabilities, differences in substrate reflectance, tilting of the molecular axis, and screening of the electric field by   FIG. 6 . TPD T max (left axis) and FTIR ν peak (right axis) vs. ξ for CO on Ni/Au(111). Both quantities begin trending upwards as second layer Ni growth begins.
FIG. 7.
Top: FTIR spectrum after quadratic background subtraction of saturated CO on Ni(100) at 200 K with 8 cm −1 resolution. Bottom: FTIR spectra after quadratic background subtraction for saturated CO on Ni islands on Au(111) at 227 K with 16 cm −1 resolution. Ni coverage increases for higher curves. The higher signal-to-noise ratio in the single crystal data is due to the sample's larger surface area.
dipole-dipole coupling, so coverages cannot be readily inferred from the IR signal. [67] [68] [69] Considering these factors and the relatively poor signal-to-noise ratio in these data, we cannot rule out the presence of other, perhaps, broad peaks, but the data are consistent with at least half, and possibly nearly all the CO molecules being in atop sites at all Ni coverages for which we were able to measure IR spectra. This is quite different from the behavior of CO on close-packed single crystal surfaces, where intermolecular repulsions prevent the occupation of nearest-neighbor atop sites and high-coverage phases involve substantial occupation of bridge and/or three-fold sites. [44] [45] [46] 48, 49 
IV. DISCUSSION
A simplified model of the growth of Ni islands on Au(111) assumes that second layer Ni forms in a commensurate layer on an incomplete first layer of Ni starting around a Ni coverage of ∼0.3 ML. We found this growth model to be consistent with surface resistivity measurements that showed essentially no additional surface resistivity due to Ni deposited in the coverage range where second layer Ni is expected to form. 26 In the same coverage range, however, the saturation CO coverage increases sharply, suggesting either that this growth model is incomplete or that the surface chemistry of the islands is anomalous, allowing a much higher CO to surface Ni ratio than is seen on flat Ni surfaces. If second layer Ni simply covers first layer Ni, one would instead expect the saturation CO coverage to level off to a near constant value. In this high Ni coverage regime, we find a CO to surface Ni ratio close to one, along with the emergence of adsorption sites with higher binding energies and primarily atop bonding observed with FTIR.
To account for this behavior, we propose a layer dependent adsorption model in which the Ni atoms in the first and second layers have different numbers of Au nearest neighbors and surface roughness. In the first layer, the data are consistent with the presence of Au nearest neighbors, affecting the Ni− −CO bond. Previous experimental and theoretical studies have found that the presence of Au nearest neighbors to Ni can weaken the Ni− −CO bond, due primarily to ligand effects, 11, 19, 57, 58 and lead to preferential atop binding. 10 For first-layer Ni atoms, these neighbors could be the underlying Au atoms in the substrate. There is also evidence from STM images of intermixing of Au in the single-layer Ni islands, 30 even though the solubility of Au in bulk Ni is very low, 70 which could further enhance the ligand effect. During first layer island growth, CO coverages on the Ni are ∼0.5 CO/Ni similar to saturation coverages of CO on a variety of pure Ni surfaces at similar temperatures as our experiments, including the (111) face, which is perhaps most relevant due to the Au(111) substrate. 37, 38, 44, 48, 54, 55 Studies of CO adsorption to Ni− −Au alloys did not find surface Au concentrations to decrease the amount of CO adsorbed to the available Ni, but only weakened the Ni− −CO bond. 11, 12 In Cullen and First's STM study of Ni islands on Au(111), they found intermixed Au at all temperatures studied, with the concentration of Au in the islands increasing for annealing temperatures greater than 400 K, above our experimental temperatures. 30 The effects of intermixed Au in the islands could be explored by performing adsorption experiments at a range of annealing temperatures.
As the Ni coverage increases and island growth transitions to predominantly second layer, our TPD curves broaden toward higher temperatures, approaching the desorption temperature for atop CO on Ni(100), suggesting the emergence of new adsorption configurations with higher binding energies. Studies of CO adsorption to step and kink sites on Pt have found higher desorption temperatures and IR peak frequencies than CO on flat Pt, [71] [72] [73] [74] [75] [76] [77] and it is possible that the large lattice mismatch between Ni and Au leads to surface roughness and the presence of step and kink or similar lowcoordination sites. This high energy broadening in the TPD data could also be explained by a reduction in the number of neighboring Au atoms weakening the Ni− −CO bond. Such a reduction is to be expected since the second-layer Ni atoms are not in direct contact with the Au substrate, and, if intermixing is a factor, it is possible that any diffusion of gold atoms into the second layer in the islands is less kinetically favorable at the relatively low temperatures used in this study. It is also possible that the presence of CO alters the island composition in favor of higher Ni concentration, as gas conditions are known to influence alloy composition and surface structure. 12, 78 A study of Ni− −Au clusters on TiO 2 found that CO could induce diffusion of Ni to the surface of the clusters due to the strong Ni− −CO bond. 12 Yang et al. found Au's effect to lead to preferential binding of atop CO to Ni over a range of Au concentrations in Ni− −Au alloys, 10 implying that we would not necessarily expect IR absorption behavior to show much variation due to changes in Au concentration in the islands.
Perhaps the most striking observation in this work is the shift during second layer island growth of the CO to surface Ni atom ratio from ∼0.5 CO/Ni toward ∼1 CO/Ni. These high saturated CO coverages at the highest Ni coverages on Au(111) in Fig. 5 are significantly higher than the typical saturated CO coverages on extended Ni surfaces of 0.5-0.67 ML. 37, 44, 48, 54, 55 Even more surprising, we measure CO only in the atop site, while saturated CO on extended surfaces also occupies twoand three-fold adsorption sites. 44 Because bridge CO tends to have broader and smaller IR peaks than atop CO, it is certainly possible that on these islands there is undetected bridge CO, hidden in the noise of our FTIR signals. However, there is sufficient intensity in the atop signal to account for most if not all of the adsorbed CO. Huang et al. found that the bond weakening effect of Au on the Ni− −CO bond was site dependent, with the largest effect for bridge CO. 19 Due to the number of Au nearest neighbors to the Ni atoms, bridge CO may no longer be energetically possible at the temperatures in this experiment, but experiments done at lower temperatures might measure bridge CO.
As mentioned earlier, the higher binding energy adsorption sites seen during second layer growth are consistent with both a reduction in the number of Au nearest neighbors to Ni atoms and the presence of step and edge sites. The STM images of Hannemann et al. show spiral structures within the islands that could be due to internal strain. 22 We suggest that these corrugated, and possibly expanded, structures with intermixed Au lead to preferential atop binding and allow CO molecules to bind at larger nearest neighbor distances than on extended surfaces. Larger nearest neighbor distances could reduce steric repulsion and allow for the higher CO coverages we observe. The three-dimensional structure of the islands could also accommodate out-of-plane tilting of some of the CO, further reducing steric interactions and partially accounting for the relative constancy of the IR intensity as CO coverage increases.
Given the heterogeneous structure of the Ni islands, we would expect the presence of diverse CO binding environments to result in significant inhomogeneous broadening of the C= =O vibration. It is surprising, then, that we observe linewidths (FWHM) of 16−35 cm −1 (with 16 cm −1 instrumental resolution, so the lowest value is an upper limit on the true linewidth), compared to ∼35 cm −1 on Ni(100) in our system (8 cm −1 resolution) and 25−40 cm −1 measured by Lauterbach et al. on Ni(100). 37 We suggest that these narrow linewidths at saturation coverage are due to strong dipole coupling, which tends to concentrate the IR absorption signal into a single narrow coherent mode. 67, 68, 79 Since the strength of the coupling varies as the inverse cube of the intermolecular distance, 38 we would expect very strong coupling at the anomalously high local CO densities observed on the islands.
Strong dipole coupling could also account for the upward shift in ν peak seen in Fig. 6 . 79 Generally frequency shifts arise from a combination of chemical and dipole effects. As CO packing density increases, chemical effects might be expected to decrease ν peak via the Blyholder mechanism, 56 but the observed overall upward shift suggests that the upward dipole shift dominates. Experiments using different isotopes of CO could determine the presence and relative magnitudes of these effects.
In addition to the TPD and FTIR measurements made in this experiment, we also monitored the surface resistivity, ρ s , of the Au(111) sample during both Ni island growth and CO exposure. Adsorbate induced changes to ρ s are due to the scattering of conduction electrons by the adsorbates, and studies have found that only adsorbates in direct contact with the substrate produce a measurable effect on ρ s . [31] [32] [33] [34] CO has a significantly higher scattering cross section than Ni, 80 so it is reasonable that CO adsorbed to first layer Ni could cause a measurable change to ρ s , even though no such change was observed for second-layer Ni. Figure 8 shows typical data for surface resistivity during CO exposure (5 L), where the shaded region indicates CO exposure. We measured no change in resistance due to CO adsorption, indicating that any changes to resistance are <0.02%, consistent with no CO being in direct contact with the Au substrate, and indicating, consistent with our observations for second-layer Ni deposition, 26 that Au conduction electrons do not penetrate into the island and scatter. For comparison, the inset of Fig. 8 shows ∼0.5% surface resistivity change due to first layer Ni growth on the Au. 26 
V. CONCLUSIONS
We observe a large increase in saturation CO adsorption to Ni nanoislands as the islands begin to grow a second layer. Local CO coverage on the Ni rises from ∼0.5 CO/Ni toward ∼1 CO/Ni in the region of second Ni layer growth. The type of adsorption seen in this system is quite different than CO adsorption on flat, extended Ni surfaces, underscoring the novel and complex surface chemistry that can arise in nanoscale particles. Our observations share some characteristics of bimetallic and highly stepped adsorption systems. 10, 11, 17 We propose a layer-dependent adsorption model where the number of Au nearest neighbors and amount of surface roughness strongly influence the Ni− −CO adsorption properties. During first layer island growth, the Au substrate and possible presence of intermixed Au in the islands lead to a decrease in peak desorption temperatures compared to pure Ni and a preference for atop sites. As the second island layer grows, the surface Ni atoms have fewer Au nearest neighbors, and surface roughness increases. This leads to a CO coverage approaching 1 CO/Ni, occupation of sites with higher binding energy, and still only atop CO. Additional experiments that control Au surface concentrations through annealing could help clarify and separate the effects of chemical environment, surface structure, and surface strain.
